In this study the correlation between the impregnation of proton exchange membrane fuel cell catalysts with perfluorosulfonate-ionomer (PFSI) and its electrochemical and electrocatalytic properties is investigated for different Pt loadings and carbon supports using a rotating-disk electrode (RDE) setup. We concentrate on its influence on the electrochemical surface area (ECSA) and the oxygen reduction reaction (ORR) activity. For this purpose platinum (Pt) nanoparticles are prepared via a colloidal based preparation route and supported on three different carbon supports. Based on RDE experiments, we show that the ionomer has an influence both on the Pt utilization and the apparent kinetic current density of ORR. The experimental data reveal a strong interaction in the microstructure between the electrochemical properties and the surface properties of the carbon supports, metal loading and ionomer content. This study demonstrates that the colloidal synthesis approach offers interesting potential for systematic studies for the optimization of fuel cell catalysts.
Introduction
Polymer electrolyte membrane fuel cells (PEMFCs) are the leading candidates for energy converters in a hydrogen based economy. PEMFCs are already in use in various mobile applications, including the transport industry to convert the chemical energy stored in hydrogen to electric energy by combining high efficiency and no or very low emissions.
However, the large-scale commercialization of PEMFCs still faces some challenges, e.g. the high cost and low abundance of platinum, which is used for catalyzing the chemical reactions, requires further improvements in the metal utilization.
Optimizing the catalyst in membrane electrode assemblies (MEAs) involves a better understanding of Pt utilization at the triple-phase boundary in the catalyst layer, where the reactant, the ionic conducting polymer, and the electronic conducting substrate are present on the same platinum (Pt) or Pt-alloy nanoparticle (NP) [1] . Pt can only be utilized in the electrochemical reactions when it is in contact with both the membrane electrolyte and the support and at the same time accessible for the reactant gas and water to and from the reaction sites. Therefore the increase in the number of such active sites and the platinum utilization efficiency are essential for the enhancement of the cell performance. The challenge is to activate Pt as catalyst and to improve the catalytic performance by covering/impregnating the Pt NPs by a thin layer of ionomer film and at the same time to maintain their accessibility for the fuel gas and transport of water. The best cell performance is always achieved with an optimal balance between catalytic activity and maximum Pt utilization, proton conductivity, and oxygen transport [2] .
Among the different ionomers available for PEMFC applications, perfluorosulfonate type ionomers (PFSI), such as Nafion by DuPont, are the most widely used. Several studies concentrate on producing high-quality catalyst layers by using an optimal amount of Nafion (in mg cm −2 or wt.%) [3] [4] [5] [6] [7] . Adding Nafion to the catalyst layer, first the ionomer fills up the pores of the catalyst layer. While macropores can be filled completely, it is difficult to fill the micropores [8] . Further addition of ionomer results in a formation of films on the surface of the electrode (pores are reported to be completely filled in the range from 0.8 to 1.0 mg of Nafion/cm 2 of electrode). As the ionic resistance of this film is higher than the Nafion membrane, this increases the overall ionic resistance of the electrode [9] [10] [11] [12] . Furthermore, since the ionic conductivity of the ionomer is high for protons, but its electric conductivity is very low, a surplus addition of ionomer leads to an increase in proton conductivity at the expense of electronic conductivity. Excessive ionomer may block the gas channels limiting oxygen transport and therefore the original interface is transformed from a three-phase (reactants-electrolyte-catalyst) to a two-phase (electrolyte-catalyst) boundary; especially at a high current density [3, 13] . To balance both of these antagonist effects, often a compromise of ca. 25-30 wt. % Nafion, depending on the preparation route, is used in the catalyst layer in MEA studies [4, 9, [13] [14] [15] .
So far only limited studies exist that tackle the optimization of the ionomer content in catalyst inks using a thin film rotating disk electrode (RDE) approach [16, 17] . This may in part due to the fact that in thin film RDE studies the aqueous electrolyte is available for proton transport and its wetting and pore filling properties are different than the ones from the ionomer. Thus protonic transport should not be a limiting faction and the results cannot be directly transferred to MEA performance (as cannot activity data obtained from thin film RDE studies in aqueous electrolytes). In this study, we present an extremely easy method to prepare carbon supported Pt NP based PEMFC catalysts containing Nafion ionomer. No acid or heat treatment is used, which renders the catalyst layer difficult to control. In contrast to traditional synthesis methods, where Pt NPs are deposited within the porous carbon nanostructure and may be inaccessible for the polymer electrolyte, here the Pt NPs are prepared separately and concomitantly supported on high surface area (HSA) carbon black supports. Thus different catalysts are prepared using the same stock solution of Pt NPs, but various commercially available carbon materials. This "tool-box" approach has been used before in various applications [18] [19] [20] [21] [22] [23] ; the new element of the present study is that also Nafion was directly introduced in the synthesis procedure allowing us to systematically investigate the influence of Nafion impregnation on the Pt utilization and oxygen reduction reaction (ORR) activity. The electrochemical properties of the investigated catalysts are characterized in RDE measurements using the thin film approach [24, 25] . In order to ensure sufficient O2 diffusion to the Pt NP surfaces, we applied an ultra-thin and uniform dispersion of the Pt/C catalyst on the glassy carbon (GC) disk [26] [27] [28] . We show that the properties of the applied carbon supports have a paramount importance in determining the ideal amount of Nafion for optimizing the electrode active area in aqueous conditions and to enhance the surface area specific ORR activity as well as the apparent mass activity (MA).
Experimental Section

Catalyst material synthesis
The investigated catalysts, hereafter called Pt/C, were synthesized in-house according to
Refs. [18, 29] . The synthesis of the electrocatalysts consists of two main steps. First, a suspension of colloidal Pt NPs with narrow size distribution is prepared via an ethylene glycol (EG) route. Then the NPs are deposited in varying amounts onto the HSA carbon support, i.e. Ketjenblack EC-300J and EC-600JD (AkzoNobel, total Brunauer-Emmett-Teller (BET) surface area: 795 m 2 g −1 and 1400 m 2 g −1 ) or Vulcan XC72R (Cabot Corporation, BET area: 235 m 2 g −1 ). A detailed description of the catalyst preparation can be found in Ref. [29] . In order to test the influence of ionomer impregnation on the ORR activity, PFSI can be added to the carbon support or to the Pt NPs suspension [18] . Here the latter option was used as this led to better catalyst performance. That is, Nafion® dissolved in acetone was mixed with the EG-free Pt NP suspension before mixing everything with the carbon support. The ionomer content of the catalysts was varied between 10 and 45 wt.%. The weight percentage of Nafion® ionomer in the catalyst is thereby defined as follows:
where MNafion is the weight of the dry ionomer and MCarbon, MPt are the weights of carbon and platinum in the catalyst, respectively.
Electrochemical Characterization
The electrochemical measurements were performed using a computer controlled, home-built potentiostat and a rotating disk electrode (RDE) setup. The electrochemical cell was a homebuilt Teflon cell based on a three-compartment configuration [30, 31] . The counter (auxiliary) electrode was a platinum mesh, the reference electrode a Schott Ag/AgCl/KCl(sat) electrode placed in a separated compartment separated by an additional Nafion® membrane in order to avoid the diffusion of Clions into the main compartment [32] . All potentials in this work are referred to the reversible hydrogen electrode (RHE) potential, which was experimentally determined for each measurement series. All electrolyte solutions were prepared with The ECSA of the catalysts was determined from the CO stripping charge [33] recorded at a sweep rate of 50 mV s -1 . The MA was calculated based on the SA and the ECSA [34] . For the interested reader, we refer to the following references concerning the method of thin film RDE measurements [28, 35] .
Physical characterization of the Pt catalysts (BET-measurements)
Gas (nitrogen) adsorption isotherms were recorded using a Quantochrome Autosorb-1
Sorption Analyser in the relative pressure range 10 -6 to 0.995 P/P0 at liquid nitrogen temperature (77K). Prior to experiments, the samples were degassed by heating to 200C in vacuum (< 10 -3 torr) for 24 hours. The surface area was determined in the relative pressure range 0.05 < P/P0 < 0.3 using the BET equation [36] . For all samples the BET plots were linear in the relative pressure range examined and the BET constant > 50 confirming the applicability of the BET equation. Pore sizes were estimated using t-plots.
Results and Discussion
Carbon blacks as support materials
BET total surface area, m 2 Figure 1 . The micropores are considered to correspond to the voids within the primary carbon particles between the turbostratic graphite planes of the crystallites [40] . Mesopores are void spaces within the agglomerates. It should be mentioned that Uchida et al. use a slightly different classification. They define the pores from 2 to 40 nm to be the "primary pores" within the carbon aggregates and the pores from 40 to 100 nm, the "secondary pores" between aggregates of carbon agglomerates [15] .
However in our case, it is important to distinguish between the fraction of the microporous/internal and the external surface area that is accessible for Pt NPs.
In order to gain a better overview of the pore size distribution in the used carbons, the materials were characterized by BET-surface area measurements. This analysis is a very useful tool since it can give an estimate for the pore structure of the support materials. The BET analysis indicates that the carbons used in the present study have a total BET surface area between 235 and 1448 m 2 g -1 , in the following order: Vulcan XC72R < Ketjenblack EC-300J < Ketjenblack EC-600JD, see Figure 1 . A closer look at the data reveals that the Ketjenblack samples possess a larger pore volume and micropore fraction as compared to the Vulcan XC72R.
Impact of Nafion ionomer on Pt/EC-300J catalysts
Due to the distinctively different physical properties of the carbons one would expect a different behavior when impregnating them with Nafion ionomer. Previous studies investigating Nafion impregnation were carried out on commercial catalysts, such as samples from Tanaka TKK, Johnson Matthey HiSpec or E-TEK with in general unknown carbon supports. Futhermore, in these studies, Nafion has been added to the pre-synthesized catalysts, i.e. the catalyst powder [3] [4] [5] [6] [7] . Therefore it was not possible to vary the metal loading and Nafion to catalyst ratio independently and most studies are focused on only one metal loading. By contrast, the "tool-box" synthesis approach used in the present study not only enables the flexible change of the amount of ionomer used in the preparation of the catalyst, but the Pt to C ratio can be independently controlled as well. To our knowledge, the present study is therefore the first time it was systematically investigated how the ionomer content in a catalyst influences the Pt utilization as a function of the Pt to carbon ratio.
We start our discussion by describing the different catalyst samples prepared by using the mesoporous Ketjenblack EC-300J carbon black support without any Nafion ionomer added, see black markers and bars in Figure 2 . All samples were prepared from the same mother investigated and reported by our group. We proposed the increase in SA with increasing Pt wt.% as a result of the so-called particle proximity effect, i.e. by lowering the interparticle distance between neighboring particles an increase in SA for ORR can be observed [20, 41] .
As demonstrated in Fig. 2b the oxygen reduction activity expressed in terms of A g -1 Pt (MA @ 0.9 V), which is a better representative parameter for the economic potential of the [20] , which is typically associated with an increase in intrinsic ORR activity. As the observed effect (tested in aqueous electrolyte) should not be due to improved triplephase boundary, possible factors for this ECSA increase might be an enhancement in the Pt NP sticking and their distribution on the carbon support as well as improved film properties.
At higher Pt loadings, i.e. above 45 wt.%, concomitant with the decrease of the relative amount of carbon in the catalyst the ionomer decreases the ECSA. This observation therefore indicates that above a certain ionomer to carbon ratio the ionomer blocks the accessible carbon surface area and thus increases NP agglomeration or blocks the Pt surface itself [40, 43] .
The Nafion content has also a significant influence on the apparent Pt surface area specific ORR turnover rates. The SA varies between 510 and 1100 µA cm -2 Pt, which represents an improvement factor of ca. 40-50 % as compared to the corresponding Nafion free cases.
However, SA and ECSA improvement are not directly related to each other as might be expected from a pure optimization of the catalyst layer on the GC electrode.
Correspondingly, the MA improves as well, but in a different fashion than the SA as function of Pt loading. The nominal Pt loading that corresponds to the maximum MA shifts from a higher ca. 70 wt.% to a lower Pt loading of 45 wt.%. Interestingly, these observations of an activity improvement due to the addition of Nafion are in contrast to work reporting an inhibiting effect of Nafion on the ORR [44, 45] . One of the differences between the presented work and the previous approaches using supported Pt/C catalysts is the application of the tool-box approach. Therefore the improved performance despite ionomer addition indicates that using the tool-box approach the enhancement in Pt NP sticking and the improvement of their distribution on the carbon support and/or an improvement in film properties can overcompensate the inhibiting effect of Nafion when mixed to a Pt/C catalyst powder or ink.
The influence of carbon materials
In the next step we focused on two questions: (i) how does the carbon support porosity and (ii) how does the amount of ionomer in the PEMFC catalyst influence its electrochemical properties and performance. For this purpose, we prepared for three different carbon supports (Ketjenblack EC-600JD, Ketjenblack EC-300J, and Vulcan XC72R) samples with two different Pt loadings, 30 and 70 wt.%, and varied the ionomer content (see Table 1 . for detailed information of the physical properties of the carbon supports).
As summarized in Fig. 3A , the ECSA values of the 30 wt.% samples are between 70 and 110 m 2 g -1 Pt depending on the carbon support. Without Nafion addition, high Pt ECSA was obtained on Ketjenblack EC-600JD and Vulcan XC72R, i.e. 108 and 110 m 2 g -1 Pt, but not on Ketjenblack EC-300J (70 m 2 g -1 Pt). We propose that this observation can be explained by the chemical properties of the carbon black materials. As previously demonstrated, using a colloidal synthesis approach the number of defect sites and surface oxide groups play a key role in achieving high Pt NP dispersion [18, 46] . Ketjenblack EC-600JD and Vulcan XC72R might have more defect sites than Ketjenblack EC-300J due to the production process from Ketjenblack EC-600JD.
Impregnation of the catalyst samples with Nafion (see Fig. 3A ) has distinct effects on the ECSA depending which carbon material was used in the synthesis. While Nafion impregnation decreases the ECSA of Pt/EC-600JD and Pt/Vulcan with increasing ionomer content, Nafion impregnation causes a substantial increase in ECSA for Pt/EC-300J, i.e. from 70 to 110 m 2 g -1 Pt, when increasing the Nafion content to 37 wt.%. Considering that the carbon blacks have quite different BET surface areas ranging from 235 to 1400 m 2 g -1 C, it seems that no simple correlation between BET area and optimized Nafion content in the catalyst layer can be made based on our studies. Increasing the Pt loading in the catalysts to 70 wt.%, a different behavior is observed.
Without Nafion the ECSA of the Pt/C samples ranges between 70 and 100 m 2 g -1 Pt, with high values for EC-600JD and Vulcan and a lower value for EC-300J. Impregnating the catalysts with ionomer results in a loss of ECSA in all cases; that is the determined ECSA decreases with increasing ionomer content for all investigated carbon supports. This observation indicates that at such high metal loading the ionomer promotes particle agglomeration during the colloidal synthesis even at moderate ionomer content and/or that the ionomer blocks Pt sites. This finding is in line with literature data obtained on in situ synthetized Pt NPs in a Nafion matrix, where a direct correlation between the Pt to ionomer ratio and NP agglomeration was found [47, 48] . The stabilizing effect of nonionic polymers is often correlated to a coordination interaction between the nonionic polymer and the metal also referred to as a steric stabilization. Since Nafion is an ionic polymer, the electrostatic stabilization could also contribute to the stability catalyst structure. However, based on our data and the previous reports it seems that Nafion offers an insufficient steric and electrostatic stabilization effect and cannot prevent nanoparticle agglomeration at high metal loadings [48, 49] . The electrocatalytic performance of the ionomer impregnated Pt/C catalysts was determined using the thin film RDE methodology. In Figure 4 the SA of the ORR is summarized for the 30 and 70 wt.% Pt/C catalysts as function of the ionomer content in the catalyst layer. For the samples with 30 wt.% Pt loading (Fig. 4A ) the following picture evolves: using Ketjenblack as carbon support, in both cases (EC-300J and EC-600JD) the SA increases with increasing ionomer content in the catalyst layer. For the EC-600JD support the effect is more pronounced, i.e. a continuous increase in SA with increasing Nafion content is seen, whereas for the EC-300J support Nafion addition increases the SA, but no trend with increasing amount of Nafion is observed. Such an "initial" increase in ORR activity when adding ionomer to the catalyst layer most likely can be attributed to the fact that the ionomer impregnation results in a better distribution of the catalyst film on the GC electrode, see also [42] . This is in contrast to older RDE measurements where no difference in SA was observed between loadings of 3.5 and 14 gPt cm -2 geo [28] . An interesting difference, between both studies is however, that in the first case the catalyst films were dried in an atmosphere of isopropyl alcohol, whereas in the latter caseas in the study herean inert atmosphere of Ar was used.
For the sample using the Vulcan XC 72R support no clear trend evolves either. High ionomer content (>40 wt.%) decreases the electrocatalytic activity for the ORR, indicating that excess Nafion may alter the diffusion of oxygen to the active sites. At least such an effect of Nafion is reported in previous work [50] . In order to probe this assumption, i.e. the inhibition of oxygen diffusion, we probed the diffusion limited current for Pt/Vulcan XC 72R samples containing 28 and 45 wt. % Nafion, respectively (see Fig. 5 ). The result clearly demonstrates that while Nafion does not inhibit oxygen diffusion at low to moderate concentrations, excess in Nafion limits the oxygen mass transport to the active metal sites. This observation is also in agreement with [26] , where it is reported that to avoid an influence of oxygen diffusion through a Nafion film placed on top of a Pt/C catalyst layer, a thickness of less than 0.1 µm (corresponding to roughly 20 wt. %) should be used. By comparison, for the samples with 70 wt.% Pt loading again a clear trend evolves when impregnating the catalyst with Nafion ionomer (Fig. 4B ). Even though the SA "start" (no improvement by a factor of three is reached.
Conclusions
To our knowledge, the present study is the first time it was systematically investigated by the thin film RDE methodology how the ionomer content in a catalyst influences Pt utilization and apparent catalytic performance as function of the Pt to carbon ratio. An essential prerequisite for the study was that Pt loading, Nafion content and carbon type could be controlled independent of each other by using a colloidal "tool-box synthesis" approach. It is demonstrated that an optimum performance requires a meticulous optimization for each specific catalyst (i.e. depending of Pt loading and support type). If such optimization is reached an apparent performance increase of ca. 50% can easily obtained. Of specific interest is the observed increase in SA. We discussed the possible influence of the film properties on the performance. Alternatively, recently, Fortunelli et al. proposed that the ORR on Pt can be dramatically improved by tuning the solvent properties [51] . The authors link the performance to the polarizability of the interface. Although, we cannot determine the change in polarizability in our investigations, the interface in thin-film RDE measurements consists of Nafion and liquid electrolyte, the presented data demonstrate that fuel cell catalyst optimization needs to take the whole solid-electrolyte interface into account. More work needs to be done to investigate to what extend observed apparent performance increases can be utilized in fuel cells, i.e. MEAs, where no liquid electrolyte is present. The developed toolbox approach potentially can contribute to this important issue.
